Refractive and absorptive optical nonlinearity can be distinguished using a pump-probe interferometric technique with picosecond time resolution. The method is applied to both resonant and nonresonant nonlinearities in optical fibers and reveals marked differences between the relaxation behavior of the refractive and absorptive nonlinearity in certain cases. A monomode fiber doped with CdS.,Seli, semiconductor nanocrystals exhibits a large optically induced phase shift with -10-psec relaxation time, which is many orders faster than the relaxation of the absorptive nonlinearity under identical conditions. Materials with significant refractive nonlinearity and ultrafast response are currently receiving intensive investigation. This is motivated by the interest in optical bistability' and nonlinear guided-wave optics, 2 both of which are aimed toward the development of all-optical switching devices. In some materials, such as semiconductors and organics, the nonlinearity is enhanced by utilizing resonances, and in this case the nonlinear refraction is accompanied by an absorptive nonlinearity.
Materials with significant refractive nonlinearity and ultrafast response are currently receiving intensive investigation. This is motivated by the interest in optical bistability' and nonlinear guided-wave optics, 2 both of which are aimed toward the development of all-optical switching devices. In some materials, such as semiconductors and organics, the nonlinearity is enhanced by utilizing resonances, and in this case the nonlinear refraction is accompanied by an absorptive nonlinearity. 1 Two types of measurements are commonly used to investigate the resonant optical nonlinearity of materials with ultrafast time resolution: pump-probe transmission experiments, which directly measure the induced-absorption change Aa, and degenerate four-wave mixing, which yields a signal proportional to the squared modulus of the third-order susceptibility x(3) so that the absorptive and refractive nonlinearities are indistinguishable. 3 This ambiguity is significant in the case of resonant nonlinearities because the argument of the complex quantity x( 3 ) is dependent on the detuning from resonance. 3 4 Moreover in the case where one single physical process does not fully determine the absorptive and refractive parts of the resonant nonlinearity, the two parts need not have the same dynamical properties. Knowledge of the response and recovery times is needed, not only for optical device design but to provide vital clues about the physical mechanisms involved.
Here we describe the use of an interferometric technique 5 to measure unambiguously the induced refractive-index change in monomode optical waveguides, with absolute calibration, in both magnitude and sign and with picosecond time resolution. We report measurements on silica optical fibers and also on semiconductor-doped fibers; the latter exhibit large optically induced phase shifts with relaxation times as fast as '10 psec. Comparison with pump-probe absorption measurements made under identical conditions reveals, for the first time to our knowledge, marked differences between the relaxation behavior for the absorptive and refractive components of the resonant optical nonlinearity. The phase of the material response is thus shown to be time dependent as well as frequency dependent.
In the experimental arrangement ( Fig. 1 ) the output from a mode-locked laser is divided into three beams. The probe and reference beams form a Mach-Zehnder interferometer, in the probe arm of which the sample is located. The optical path lengths of these two beams are fixed and equal (to within the field coherence length in a single pulse) so that complementary spatial interference fringes are produced at the outputs of the final beam splitter. The pump beam, which is at least 10 times more intense than the probe beam, also passes through the sample. The refractive-index change so induced causes a fringe shift in synchronism with the pump-beam chopper (1 kHz), and this is measured using lock-in detection as a function of the pump-probe pulse time delay Ar. The positions of the two complementary fringe patterns are monitored using bi-cell detectors together with appropriate sum and difference amplifiers and analogue-divider circuitry (UDT 301DIV position monitors). For maximum sensitivity, the probe-reference alignment is adjusted so that each bi-cell detector is linear approximation is valid for small phase shif to -30"). The absolute calibration of the ins refractive-index changes, in sign and magnitu made by direct comparison with the fringe shif duced by a known piezo-controlled path-h change in the interferometer. Active stabilizat the interferometer (through a feedback voltag plied to mirror Ml) compensates for long-term and suppresses low-frequency (<500-Hz) fluctu; of the fringe position. The pump beam, which larized orthogonally to the probe and reference b makes no direct contribution to the observed I pattern-any residual coherent artifacts at Anulled (within the lock-in bandwidth) by rapid p beam phase modulation produced by vibrating n M2 (with 7 -Am amplitude and 5-kHz triangular form).
The technique has been tested by observin optically induced phase shift in short (-25-50, lengths of monomode silica fiber. A typical res shown in Fig. 2 . The plot of measured probe shift as a function of pump-probe time dela3 found to be identical in shape and width to the in ty autocorrelation function of the laser pulse; t the result expected for a material that exhibits a] law refractive nonlinearity with instantaneou sponse. In that case the phase shift Ab induc( the probe by the pump is given by AcI@ = (27r/X)n 2 3)/J2rW 2 , where n 2 is the nonlinear refraction c cient, P is the pump power, is the sample length W is the le field radius for the guided mode 6 expression applies to the case of orthogonal pumj probe waves in an isotropic Kerr-law medium. 
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and A4' = 74 mrad into the above expression, we obtain n 2 = 2.5 X 10-20 m 2 W-1, in good agreement with the value of 3.2 X 10-20 m 2 W-1 previously reported for silica optical fibers. 6 As can be seen in Fig. 2 , the limit 1.0 of resolution, when using lock-in detection with an -5-see averaging time constant, is equivalent to an optically induced fringe shift of -X/1000. The accuracy in calibrating the fringe shift is estimated to be better 0. 5 than 10%. However, the overall accuracy in determining the nonlinear refraction coefficient is limited by errors in the measurements of power, pulse duration, and spot size and is probably not better than 30%.
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The lower curve of Fig. 3 shows the measured refractive-index change An in a 10-mm-long monomode fiber (W = 1. The peak An is -1.5 X 10-5, and the negative sign is consisid the tent with the electronic band-filling model. 10 The law; a initial relaxation time is typically 10-20 psec and is ts (up followed by a slower decay of several hundred picosecluced onds. de, is By simply blocking the reference beam and monit protoring the total detector photocurrent, the apparatus ngth shown in Fig. 1 can be used to measure the probe ion of transmission change AT as a function of Ar. Thus the ge aprelaxation behavior of the absorptive and refractive . drift nonlinearities of a particular sample can be directly itions compared under identical conditions. As expected, 11 We have observed this effect in only some samples (in semiconductor-doped fibers and-less pronounced-in 1-mm-thick bulk samples of the core glasses); in many samples the induced absorption is negligible. In Fig. 3 a major component of the induced absorption persists for times much longer than the pulse repetition period (and therefore the value AT/To -0.2 for Ar < 0 represents the cumulative effect of many pulses). Increase of the repetition period from 0.26 gsec (as in Fig. 3 ) by a factor of 10, while maintaining a constant average pump power, did not significantly alter AT for A-r < 0. By varying the chopper speed we estimated the relaxation time for this slow component to be -100 ,gsec.
The origin of the slow nonlinearity is not certain. A thermal mechanism is unlikely for the following reasons: First, the temperature rise estimated for the measurement conditions is insufficient to cause a significant thermal red shift of the absorption edge. 12 Second, such a thermal shift, if it occurred, would cause a large positive An for wavelengths in the band tail. We observe only a small residual positive An at 0.26 ,sec after excitation (A-r < 0 in Fig. 3) . Third, the induced absorption is observed only in some samples, whereas a thermal effect would be present in all cases for similar a.
There is recent evidence 1 3 that the slow nonlinearity of a similar semiconductor-doped glass is due to deeplying traps. We suggest that the induced-absorption effect seen here could be explained by photoionizing transitions from such traps to excited states in the conduction band.' 3 The An associated with the photoionizing transitions would be relatively small because of the dense spectrum of upper states. The traps, if associated with surface states, could vary greatly among sample types; in particular, the presence or absence of induced absorption would depend on whether the photon energy exceeds that for photoionization. The measured lifetime of 36 ,sec for the deep-lying traps in a similar glass 13 is in fair agreement with our estimate of -100 ,sec for the relaxation time of AT.
Evidently under the conditions of our measurements the nonlinear refractive index (unlike the induced absorption) is dominated by the faster interband contribution. In those semiconductor-doped fibers that do not display'significant induced absorption the observed AT is positive (as expected for a band-filling nonlinearity), and An and AT have almost identical time dependences similar to that of An in Fig. 3 .
In conclusion, we have described a pump-probe interferometric technique that has revealed markedly different relaxation behavior for the refractive and absorptive components of the resonant nonlinearity in some types of semiconductor-doped glass fiber. In earlier research 14 it was shown that the relaxation behavior of I x(3)I 2 (as determined by degenerate fourwave mixing) is distinctly intensity dependent in certain semiconductor-doped glasses. Using the interferometric technique one may now investigate independently the relaxation and saturation behavior of the absorptive and refractive components, and this is in progress. The implications for optical switching applications are being considered.
